Purpose-Ribonucleotide reductase subunit M2 (RRM2) plays an active role in tumor progression. Recently, we reported that depletion of RRM2 by systemic delivery of a nanoparticle carrying RRM2-specific siRNA suppresses head and neck tumor growth. The aim of this study is to clarify the underlying mechanism by which RRM2 depletion inhibits tumor growth.
Introduction
Ribonucleotide reductase (RR) is a potential therapeutic target for cancer because it catalyzes the conversion of ribonucleoside 5′ -diphosphates into their corresponding 2′deoxyribonucleoside 5′ -triphosphates that are necessary for DNA replication and repair (1) . Human RR comprises two subunits, RRM1 and RRM2. The cellular RRM1 protein level is relatively stable through the entire cell cycle, whereas RRM2 is only expressed during the late G1/early S phase when DNA replication occurs (2, 3) . Because the RRM2 subunit is the primary regulator of RR enzymatic activity (1) , studies of its influence on the biological activities of the RR protein are highly sought. RRM2 was reported to play an active role in tumor progression (4, 5) and was identified as an indicator of poor patient outcome in several cancer types (6, 7) . RRM2 is known to be involved in chemoresistance. Suppression of RRM2 can sensitize colon and pancreatic cancer cells to gemcitabine and DNA damaging agents for which RRM2 plays a role in the relevant DNA synthesis and repair mechanisms (3, 8) . RRM2 serves as a prognostic biomarker of many cancer types (7, (9) (10) (11) and regulates several oncogenes that control malignant potential (12) .
In recent years, several inhibitors (i.e. triapine, gemcitabine and GTI-2040) have been studied to inhibit RRM2 activity and entered in clinical trials. Shao et. al. reviewed several potential inhibitors of RR (13) . Triapine and GTI-2040, potent inhibitors of RR, have been evaluated in Phase I clinical trials (14, 15) . However, non-specific toxicities hamper their clinical applicability. Gemcitabine competes with RRM2 for replicating DNA, is a potential candidate for RRM2 inhibition and an FDA-approved drug for lung and pancreatic cancer treatment. However, the non-specific action of gemcitabine causes cytotoxicity (13) . Overall, cancer-targeted knockdown of RRM2 is desirable. We recently explored the role of RRM2 in cancer progression by utilizing siRNA-mediated gene silencing, which has a better safety profile, and provided the first example of dose-dependent accumulation of targeted nanoparticles in human head and neck tumors to engage the RNAi machinery (16) . We found that targeting RRM2 with a nanoparticle carrying RRM2-specific siRNA inhibited tumor growth in vivo. The mechanism of anti-tumor action of RRM2 inhibition merits further elucidation.
Mitochondrial outer membrane permeabilization (MOMP) integrity is highly controlled through interactions between pro-and anti-apoptotic members of the Bcl-2 protein family (17) , likely providing a mechanistic basis for modulating apoptotic cell death (18, 19) . Defects in the delicate balance between cell proliferation and cell death can lead to cancer development and are a hallmark of cancer (19) (20) (21) (22) . Members of the Bcl-2 protein family are critical regulators of apoptosis, contributing to prolonged cell survival through their ability to block apoptosis (23) . Clinically, Bcl-2 overexpression is associated with poor prognosis, resistance to standard chemotherapy or radiation therapy and bias toward cancer cell survival (24) (25) (26) (27) (28) . Bcl-2 activity is regulated by various mechanisms, including transcription, posttranslational modifications, and degradation. Reductions in Bcl-2 expression induces sensitivity to anti-cancer drugs (29) (30) (31) and increases survival (32) . Effective mechanisms to clinically target Bcl-2 and the determination of its impact on patient outcome remain to be established.
In this study, we uncovered a novel molecular mechanism in which Bcl-2 is a key determinant controlling intrinsic apoptosis triggered by RRM2 depletion, both in vitro and in vivo. To clinically validate our novel findings, we utilized quantum dotimmunofluorescence and conventional immunohistochemistry techniques to stain RRM2 and Bcl-2 proteins in tumor tissue samples from HNSCC and NSCLC patients. We confirmed the co-localization of Bcl-2 and RRM2 and found a significant positive correlation between their expressions in these tumor tissues. Our results demonstrate a new function for RRM2 in regulating expression of the anti-apoptotic protein Bcl-2 and reveal a critical link between RRM2 and Bcl-2 in apoptosis signaling.
Materials and Methods

Cell lines
HNSCC cell lines Tu212 and Tu686 (provided by Dr. Gary L. Clayman, University of Texas M.D. Anderson Cancer Center) and NSCLC cell lines A549, H1299 and H358 were kindly provided by Dr Shi-Yong Sun (Emory University, GA). sh p53 in lentivirus vector was a generous gift from Dr. Didier Trono, Ecole Polytechnique Federale de Lausanne, Switzerland and A549-expressing sh p53 cell line was established as described (33) . The dominant negative p73 plasmid generation and validation is described elsewhere (34) . pWZL-NeoAKT plasmid (constitutively active) was obtained from Addgene, Cambridge, MA and pLNCX-Bcl-2 plasmid was obtained from Dr. Jackson's lab (Case Western Reserve University, OH). Bcl-2 overexpressing Tu212 and Tu686 (pool) cell lines were generated by retroviral transduction of Bcl-2 and selection by G418. Constitutively active Akt was overexpressed in A549 and Tu686 cell lines (G418 selected pool).
Western blotting, co-immunoprecipitation and cell fractionation
Western blot was incubated with primary followed by secondary antibodies and detected using enhanced chemiluminescence system as described (35) . For co-immunoprecipitation, cells were lysed in a Chaps cell extract buffer (Cell Signaling Technology, USA). Lysates were centrifuged at 15000 r.p.m. for 20 min at 4°C, and supernatants were incubated with primary antibodies for 4h and coupled to protein A/G-agarose (Pierce, USA) for 2h at 4°C. Immunoprecipitates were washed three times with Chaps buffer and subjected to immunoblotting. Cytosolic and mitochondrial fractionation was carried out using a kit (Clontech, CA, USA). Primary antibodies were anti-RRM2, anti-GAPD, anti-p53, anti-Bcl-2, anti-Bcl-XL, anti-Mcl-1, anti-Bax from Santa Cruz Biotech, CA; anti-phospho Akt, anti-caspase9, anti-caspase3, anti-PARP from Cell Signaling, MA; anti-p73 from Bethyl Laboratories, TX; and anti-β-actin from Sigma Aldrich. Secondary antibodies were from Santa Cruz Biotech. Western band quantification was performed using Image-Quant TL software (GE/Amersham Biosciences, Piscataway, NJ).
siRNA duplexes
Control siRNA (siC) was bioinformatically designed to minimize potential for targeting any human gene (Dharmacon, Lafayette, CO). Unmodified RNA duplex siR2 (RRM2 siRNA) was a gift from Calando Pharmaceuticals (Pasadena, CA). siR2-1 and siR2-2 RNA duplexes were purchased from Qiagen, California, USA. The sequences are as below:
Lipofectamine transfection
Cells were seeded in 6-cm plates 24 h prior to transfection in medium containing 10% fetal bovine serum (FBS), so that they reached 30~50% confluency. siRNA was complexed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions and applied to each plate. Transfection media was removed and replaced with new media after 5 hours.
Apoptosis assay
Cells were transfected with different concentrations of siR2 or siC and cells were collected after 72 h by trypsinzation, washed with cold 1X PBS and stained with Annexin Vphycoerythrene and 7-AAD (BD PharMingen) for 15 min at room temperature. The samples were measured using a fluorescence-activated cell sorting (FACS) caliber bench-top flow cytometer (Becton Dickinson). FlowJo software (Tree Star) was used for apoptosis analysis.
RT-PCR
RNA was collected by direct lysis in TRIzol (Invitrogen) and reverse-transcribed using SuperScriptIII reverse transcriptase. 2 μl of prepared sample cDNA was used for PCR. A Bcl-2 PCR primer set was purchased from Sigma (No. B9179). GAPDH forward primer: 5′-TGCACCACCAACTGCTTA-3′ and reverse primer: 5′-GGATGCAGGGATGATGTTC-3′ was selected. Bcl-2 levels were normalized to GAPDH levels within the same sample.
Immunohistochemistry (IHC)
To detect intracellular localization and expression levels of RRM2 and Bcl-2, we used goat anti-human R2 polyclonal antibody and mouse anti-human Bcl-2 monoclonal antibody (Santa Cruz Biotechnology) respectively, as primary antibodies, then conjugated to secondary antibody and cell nuclei were counterstained using 4,6-diamidino-2-phenylindole (DAPI, Invitrogen, Carlsbad, CA). Mouse and rabbit IgG were used as negative controls. All the tissue slides were evaluated and scored by a qualified pathologist.
Confocal microscopy
Cells were grown on glass coverslips (Lab-Tek II chamber slide, Nunc International), fixed in 4% paraformaldehyde for 15 min, permeabilized with 0.5% Triton X-100 in PBS for 5 min. Cells were exposed consecutively to primary antibodies (anti-RRM2 and anti-Bcl-2) and rhodamine-conjugated or FITC-conjugated secondary antibodies, before mounting with ProLong Gold antifade reagent with DAPI (Invitrogen). A Zeiss LSM 510 confocal scanning microscope was used to collect the images.
Protein half-life
Tu212 cells in 100-mm dishes were transfected with siC or siR2. After 24 hrs, cells were reseeded into 60-mm dishes and allowed to attach for 24 hr. Cells were treated with 100 ug/ ml cyclohexamide 5 min prior to starting the time course (0, 1, 3, 6, 9, 12H), and cell lysates were collected at the indicated time points.
Tissue specimens
This study was approved by the Institutional Review Board at Emory University and analyses were conducted using de-identified data in compliance with HIPAA. 50 HNSCC and 50 NSCLC tissues (30 adenocarcinoma, 18 squamous cell carcinoma, and 2 others) were randomly collected for the study from surgical specimens of patients who were diagnosed with HNSCC or NSCLC at Emory University Hospital and whose initial treatment was surgery without receiving prior treatment with radiation and/or chemotherapy. This was a retrospective study which used tissue samples from surgical specimens dated prior to April14, 2003.
QD-based immunohistofluorescence (QD-IHF)
QD staining was performed on paraffin-embedded formalin-fixed NSCLC and HNSCC tissue sections overnight at 4°C as described previously (36) . Primary antibodies were mouse anti-human Bcl-2 at 1:50 dilution and goat anti-human R2 at 1:100 (both from Santa Cruz Biotechnology, Santa Cruz, CA) in a mixed solution. PBS alone was used as negative staining control. Tissues were incubated with QD-secondary antibody conjugates (QD 605 goat F(ab)2 anti-mouse IgG; QD 655 goat F(ab)2 anti-goat IgG, 1:50 dilution, Invitrogen, Carlsbad, CA) in a mixed solution at 37°C for 2 hours. Cell nuclei were counterstained using DAPI.
QD spectral imaging and signal quantification
QD imaging and quantification procedures were described previously (36) . All cubed image files were collected from patient tissue slides at 10 nm wavelength intervals from 450-750 nm, with an auto exposure time per wavelength interval at 200× magnification. Taking the cube with a long wavelength band pass filter allowed transmission of all emission wavelengths above 450 nm. Both separated and combined QD images were obtained after establishing the QD spectral library and unmixing the image cube. For each slide, 5 cubes were taken. The background signal was removed for accurate quantification of the QD signals. Average signal of each QD signal were obtained by selecting 4-10 tumor areas in each cube for measurements by the Nuance imaging software (Caliper/PerkinElmer, Hopkinton, MA). Measurements were averaged from the 5 cubes from each slide to obtain a total average signal count on each slide for both QD signals.
Statistical analysis
All results represent the average of at least three separate experiments and are expressed as mean ± SD. Statistical analysis was performed using t-test. P<0.05 was considered statistically significant. Spearman's correlation coefficient was estimated to measure the relationship between Bcl-2 and RRM2. A linear regression was used to plot their relationship with 95% confidence interval bound.
Results
Knockdown of RRM2 promotes apoptosis in HNSCC and NSCLC cells
Our previous observation of cell growth inhibition by RRM2-targeting siRNA (siR2) (16) prompted us to further investigate the mechanistic details of RRM2's action. Upon knockdown of RRM2 in Tu212 (HNSCC) and A549 (NSCLC) cells ( Fig. 1A and B, Inset), we observed apoptosis induction in a dose-dependent manner. After 72h, 5nM siR2 induced apoptosis (Tu212 ~45% and A549 ~60%) ( Fig. 1A and B ), while no significant apoptotic effects were observed at an early time (24-48h; data not shown). The target specificity of siR2 mRNA was confirmed previously (16, (37) (38) (39) . Two other RRM2 siRNAs, siR2-1 and siR2-2, also effectively knocked down RRM2 and induced apoptosis in Tu212 and A549 cell lines after 72 hours ( Fig. 1C and D) , arguing against any non-specific effects. In all experiments, non-targeting siRNA (siC) was used as a negative control.
Knockdown of RRM2 promotes apoptosis by inducing the mitochondria-mediated intrinsic apoptosis pathway in both HNSCC and NSCLC cells
We explored whether intrinsic or extrinsic apoptosis occurs following siR2-mediated depletion of RRM2 in Tu212 and A549 cell lines. Our results demonstrated the efficient triggering of the apoptotic cell signaling cascade in Tu212 and A549 cell lines following siR2 treatment ( Fig. 2A) . Western blot analysis revealed that suppression of RRM2 induced apoptotic signaling molecules mainly involved in intrinsic apoptosis (17, (40) (41) (42) , such as cleaved caspase 9 (initiator caspase) and cleaved caspase 3 (effector caspase), followed by cleavage of substrate poly ADP-ribose polymerase (PARP). We did not detect any induction of extrinsic apoptosis signaling molecules (DR5, caspase 8) by RRM2 suppression (data not shown). We observed caspase 3 activation and PARP cleavage in both Tu212 and A549 cells following treatment with siR2-1 and siR2-2 siRNAs but less effectively than with siR2 ( Fig. 2B ). In the intrinsic apoptosis pathway, highly controlled mitochondrial outer membrane permeabilization is the crucial event driving initiator caspase activation and apoptosis (17) . The release of cytochrome C from mitochondria has been considered a key step in the early stages of apoptosis (17, 41) . We isolated mitochondrial and cytoplasmic fractions from cell lysates of Tu212 and A549 cells transfected with siR2 or siC, and observed cytochrome C release from the mitochondria to cytoplasm only in the siR2-treated group (Fig. 2C ). Taken together, our results demonstrate that knockdown of RRM2 promotes apoptosis via the mitochondria-mediated intrinsic apoptosis pathway.
Depletion of RRM2 promotes apoptosis in anti-apoptotic protein Bcl-2 dependent manner
Evasion of apoptosis has proven to be critical for the development and sustained growth of cancers. Members of the Bcl-2 protein family are critical regulators of apoptosis (40) . One approach to inhibiting the apoptotic pathway is through the upregulation of anti-apoptotic Bcl-2 family members (43) . We determined that RRM2 suppression by siR2, siR2-1 and siR2-2 significantly reduced Bcl-2 expression in Tu212 and A549 cells (Fig. 3A, 3B ), while levels of other anti-apoptotic Bcl-2 family proteins, Bcl-xL and Mcl-1 remained unchanged in both cell lines following siR2 treatment (Fig. 3A) . To explore whether Bcl-2 status could affect the regulation of apoptosis by RRM2, we established a Bcl-2-overexpressing Tu212 cell line (Tu212/Bcl-2) ( Supplementary Fig. S1A , upper panel). We showed significant resistance to apoptosis upon suppression of RRM2 in Tu212/Bcl-2 cell line ( Fig. 3C ). In addition, apoptosis marker molecules such as cleaved caspase 3 and cleaved PARP were triggered by suppressing RRM2 in Tu212 cells but not in Bcl-2-overexpressing cells (Fig.  3D ). To confirm our observation, another cell line Tu686/Bcl-2 ( Supplementary Fig. S1A , lower panel) was tested to determine the importance of Bcl-2 and we found similarly that RRM2-mediated apoptosis was Bcl-2-dependent ( Supplementary Fig. S1B ). Taken together, our results suggest that the anti-apoptotic protein Bcl-2 plays a critical role in siR2-mediated apoptosis induction.
Apoptosis induction by suppression of RRM2 is p53-, p73-, Akt-independent
We then extended our study to identify any other signaling molecules involved in the regulation of siR2-mediated apoptosis, particularly p53 and p73 since these are potential candidates in apoptosis induction (44) . An elevated level of p53 was observed upon RRM2 suppression in A549 cells (wild type p53), while a sustained level was seen in Tu212 cells (mutant p53 [P151S] (45)) ( Fig. 4A) . To explore the role of p53, we established p53knockdown A549 cells (A549/sh p53) using short hairpin RNA (Fig. 4B ). By knocking down RRM2, we found cleaved caspase 3 and PARP induction in both WT-A549 and p53 knocked-down cells ( Fig 4B) , suggesting that apoptosis induction by siR2 in A549 cells is p53-independent. To assess the involvement of p73, we determined the percentage of apoptosis and apoptotic marker proteins in the H1299 lung cancer cell line and in two clones of dominant negative p73-expressing H1299 cells (H1299/dN p73 Cl-7, Cl-10) ( Supplementary Fig. S2A, upper panel) . We found similar apoptosis induction (Fig. 4C ) or PARP modification (Fig. 4D ) in all cell lines upon suppression of RRM2. Another cell line H358/dNp73 ( Supplementary Fig. S2A , lower panel) was also tested for apoptosis upon RRM2 knockdown and we observed a similar effect as in H1299 cells ( Supplementary Fig.  S2B ), suggesting that apoptosis induction is also p73-independent. Akt plays a vital role in anti-apoptotic signaling (46) , and we observed that Akt activation was significantly reduced upon suppression of RRM2 in both Tu212 and A549 cells (Fig. 4E) . The role of Akt in RRM2-mediated apoptosis was evaluated by its overexpression in A549 cells (A549/Akt) ( Supplementary Fig. S3A, upper panel) , and no significant differences in apoptosis or PARP modification were seen compared to unmodified A549 cells ( Fig. 4F and G) . In the Tu686/ Akt cell line ( Supplementary Fig. S3A, lower panel) , we found that knockdown of RRM2mediated apoptosis is Akt-independent (supplementary Fig. S3B ). Taken together, our results suggest that apoptosis induction by silencing of RRM2 is independent of p53, p73, and Akt.
RRM2 regulates Bcl-2 partially at the transcription level and the two proteins colocalize and interact with each other
To determine whether Bcl-2 is regulated by RRM2 at the transcriptional or the protein level, we transfected cells with siR2 or siC and collected RNA samples after 72 hours for RT-PCR. RRM2 levels were normalized to GAPDH levels within the same sample. The mRNA expression of Bcl-2 was suppressed ~50% (Fig. 5A) whereas the protein level was suppressed >90% (Fig. 3A) following RRM2 knockdown, indicating that RRM2 most likely regulates Bcl-2 not only at a transcriptional level but also at the post-translational level. To investigate whether these two proteins co-localize, Tu212 cells were stained with anti-RRM2 (green), anti-Bcl-2 (red) and DAPI (blue). A z-stack of 32 optical sections was created at 0.59 μm intervals using a confocal microscope (LSM 510; Carl Zeiss MicroImaging, Inc.), shown in a gallery of merged images in a single display ( Supplementary Fig. S4 ). We found that RRM2 and Bcl-2 proteins were co-localized each other ( Fig. 5B , yellow color on merge). The white box in the merged figure was magnified ( Fig. 5B , inset, upper panel) and the inset lower panel shows the z-axis reconstructions along the bars indicated in the inset upper panel. To assess the impact of RRM2 depletion, Tu212 cells ( Fig. 5C ) and A549 cells (Fig. 5D ) were transfected with siC or siR2, fixed after 48 hours and stained with anti-RRM2 (green) and anti-Bcl-2 (red). Upon silencing of RRM2, Bcl-2 protein was significantly suppressed, confirming our Western blot data showing that RRM2 regulates Bcl-2 protein stability. To demonstrate the interaction between these two proteins, co-immunoprecipitation using anti-RRM2 and anti-Bcl-2 antibodies in Tu212 and A549 cell lysates revealed that the proteins indeed existed as a complex (Fig. 5E ).
Depletion of RRM2 regulates Bcl-2 protein expression and stability by reducing its half life
To understand the effect of RRM2 depletion on Bcl-2 protein stability, we transfected Tu212 cells with siC or siR2 for 24h. Then, cells were reseeded and allowed to attach for another 24 hr. Cells were treated with cyclohexamide to block protein synthesis, and Bcl-2 expression level was assessed at multiple time points to determine its half life. As shown in Figure 6A , knockdown of RRM2 significantly increased the rate of Bcl-2 protein degradation, reducing its half-life from ~9 hours to ~2 hours. These results demonstrate that knockdown of RRM2 causes significant reduction in Bcl-2 protein stability. It is known that Bcl-2 can be cleaved and degraded by activated caspase 3 (47, 48) . Thus, the observed Bcl-2 degradation in earlier finding might be a secondary effect due to activation of caspase 3 triggered by siR2. To confirm this, we assessed caspase 3 activation in all samples shown in Figure 6A . We did not find any caspase 3 activation at early time points (Fig. 6B ) of siR2 treatment, while Bcl-2 degradation was observed from one hour after blockade of de novo protein synthesis in the siR2 transfected group (Fig. 6A ). This suggests that Bcl-2 degradation triggered by siR2 is not due to caspase 3 activation. To confirm the involvement of the ubiquitin-proteasome pathway in Bcl-2 degradation, we blocked proteasome function by utilizing the proteasome inhibitor MG132 in Tu212 and A549 cell lines. We observed that proteasome inhibition protected Bcl-2 degradation upon RRM2 knockdown, suggesting that RRM2 knockdown leads to Bcl-2 degradation through proteasome (Fig. 6C ). We found significant reduction of Bcl-2 protein in tissue samples from mice treated with siR2nanoparticle (CALAA-01) compared to mice treated with control siRNA-nanoparticle (siCON1) (n=8) (Fig. 6D) . Taken together, our study provides functional evidence that RRM2 regulates Bcl-2 protein stability.
RRM2 and Bcl-2 proteins co-localize and their expression is positively correlated in tumor tissues from HNSCC and NSCLC patients
We extended the study to examine the correlation between RRM2 and Bcl-2 protein levels in tissue samples from cancer patients. A total of 50 cases each of HNSCC and NSCLC (30 adenocarcinoma, 18 squamous cell carcinoma and 2 others) were analyzed. Clinicopathological features of the HNSCC and NSCLC patient groups are shown in Supplementary Table 1 . Quantum dot (QD)-immunofluorescence (IHF) analysis allows quantification of multiple biomarkers simultaneously in the same tissue slide (36, 49) . In our study, we quantified the expression levels of RRM2 and Bcl-2 in the same tissue slide by using secondary antibody-conjugated QDs with two different emission wavelengths (655 nm and 605 nm). Both separated and combined QD images were established after determining the QD spectral library and unmixing the cube. Representative QD images from HNSCC and NSCLC patients are shown in Figure 7A and 7D, respectively. RRM2 and Bcl-2 were found to be highly co-localized in both types of cancer. Average signal counts (A.U.) of each QD signal were obtained from 5 image cubes of each tissue slide using Nuance imaging software ( Supplementary Table 2 and 3) . QD signals were plotted by de-identified patient ID of HNSCC and NSCLC patients and are shown in Figure 7B and 7E, respectively. Spearman's correlation coefficient demonstrated a highly significant positive correlation between RRM2 and Bcl-2 expression in both HNSCC and NSCLC patient samples (HNSCC: R=0.98, p-value <0.0001; NSCLC: R=0.92, p-value <0.0001; Fig. 7C and 7F, respectively). QD-IHF is comparatively new but promising technique and is under development in our laboratory. Therefore, we additionally applied conventional immunohistochemistry (IHC) techniques to confirm our findings. To compare the QD technique with conventional IHC, we examined 20 out of 50 (previously selected) specimens from both HNSCC and NSCLC patients. IHC signal was quantified with weighted index [WI = intensity (scored as 0-3) × percentage of positive staining] by two researchers including a pathologist. Spearman's correlation analysis demonstrated a significant positive correlation between the RRM2 expression level quantified by IHC and QD-IHF in both HNSCC and NSCLC samples (HNSCC: R=0.59, p-value=0.0067; NSCLC: R=0.46, p-value=0.036; supplementary Fig. S5 and S6, respectively) , supporting that quantification and localization of multiple biomarkers using QD-IHF is comparable but more subjective than IHC.
Discussion
Elevated levels of RRM2 correlate with poor prognosis for cancer patients (50) (51) (52) (53) . In our previous report, we showed the importance of RRM2 in promoting tumor growth in HNSCC and NSCLC (16) . In our current work, we unravel first time the mechanistic details linking RRM2 to apoptosis and provide vital clues for the development of novel cancer therapies. We demonstrate that RRM2 silencing by siRNA directs mitochondria-mediated intrinsic apoptosis. We revealed that RRM2 and Bcl-2 proteins exist as a complex. RRM2 was found to be significantly involved in regulating the anti-apoptotic protein Bcl-2 and a reciprocal regulation between these proteins in apoptosis signaling was observed. Clinical specimens from different types of cancer have been examined to confirm the correlation between RRM2 and Bcl-2. QD-IHF staining showed the co-localization of RRM2 and Bcl-2 expression in the same tissue slides from HNSCC and NSCLC patients. Interestingly, expression of both proteins was positively correlated in both HNSCC and NSCLC tumors.
Since p53 is one of the most commonly mutated genes in cancer and inhibition of RRM2 is known to activate DNA damage (4, 8) , we chose cell lines containing wild-type p53 (A549), mutant p53 (Tu212, Tu686), and no p53 (H1299, H358). These cell lines also have variable expression levels of p-AKT and Bcl-2 (54) . The Bcl-2 family proteins regulate cell fate through the control of mitochondrial outer membrane potential. Dysregulation of Bcl-2 proteins is common in cancer. The upregulation of anti-apoptotic Bcl-2 proteins serves to inhibit pro-apoptotic Bcl-2 proteins to ensure the survival of abnormal cells. Thus, many malignant cells are primed for cell death and will undergo apoptosis if the function of antiapoptotic proteins is therapeutically impaired (55) . Overexpression of Bcl-2 is a marker of resistance to chemo-or radio-therapy in squamous cell carcinoma and other types of cancer (24, 26, 27) . Targeting cellular processes that regulate Bcl-2 at posttranslational levels is crucial. Our novel findings suggest that targeting RRM2 is a promising approach to reduce Bcl-2 expression and to initiate apoptosis. Only Bcl-2 was identified as a key determinant controlling intrinsic apoptosis triggered by RRM2; we did not observe an increased rate of degradation of other anti-apoptotic Bcl-2 family member proteins. Bcl-2 is known to be regulated through posttranslational modifications (56) . Here, we show a new molecular regulatory pathway wherein RRM2 contributes to the accumulation and stabilization of Bcl-2. Knockdown of RRM2 significantly reduced the half-life of Bcl-2. We observed that depletion of RRM2 reduced Bcl-2 expression and eventually initiated apoptosis. Bcl-2 protein expression was assessed at multiple timepoints upon RRM2 knockdown (Fig. 6A ). We found that RRM2 knockdown significantly increased Bcl-2 protein degradation ( Fig.  6A ) but failed to induce caspase-3 activation at those time points but activation was observed only at 72 hours (Fig. 6B ). Moreover, we confirmed that RRM2 knockdown leads to Bcl-2 degradation through the proteasome pathway. These observations clearly suggest that Bcl-2 downregulation by RRM2 siRNA precedes caspase-3 activation. In contrast, overexpression of Bcl-2 protected cells from apoptosis triggered by RRM2 knockdown. Our results have broader implications, suggesting that suppression of Bcl-2 by targeting RRM2 could provide an effective therapeutic strategy for Bcl-2-mediated apoptosis-resistant cancer types. Given the correlation between RRM2 and Bcl-2 expression levels, it is most likely that the expression level of RRM2 could also predict the Bcl-2 level that is involved in cancer cell survival and resistance to chemotherapy. This finding provides a strong framework for translation of this approach to the clinic.
To determine the correlation between RRM2 and Bcl-2, we employed two different techniques, QD-IHF and conventional IHC, for staining proteins in tumor specimens from HNSCC and NSCLC patients. QD-IHF allows multiple biomarker analysis in the same tissue slide (36, 49) , facilitating observation of the colocalization of multiple proteins and also correlations between their expression levels. We found that RRM2 and Bcl-2 were highly co-localized and a positive correlation was observed by both QD-IHF and conventional IHC techniques.
Knockdown of RRM2 induces DNA damage (1, 4, 8) that could be the cause of p53 and p73 induction. RRM2 knockdown initially inhibits cellular growth, which might be the cause of downregulation of Akt activation. However, we excluded the possibility that activation of p53 or p73 and inhibition of p-AKT are involved in apoptosis using appropriate genetic approaches. Pathways mediating cell death in the absence of p53 are of interest for therapeutic intervention because p53 is mutated in one half of human cancers and inactivated by indirect mechanisms in a large percentage of the remainder (34, 57) . Therefore, one particularly interesting indication of our study, that RRM2 siRNA may suppress cancer cell proliferation regardless of p53 status, may be relevant for RRM2targeted cancer therapy, especially for cancers with mutant p53.
In summary, our data demonstrate that alteration of RRM2 induces apoptosis by modulating Bcl-2 expression. RRM2 suppression contributes to the instability of Bcl-2 or leaves Bcl-2 unprotected from degradation. We present RRM2 as an attractive interventional target to downregulate Bcl-2, resulting in the induction of mitochondria-mediated intrinsic apoptosis. Moreover, we confirmed the therapeutic potential of siRNA targeting RRM2 in HNSCC and NSCLC. We have provided insights into the molecular understanding of tumor progression by RRM2 that could be fundamental in developing rational therapeutic approaches against cancer. Further clinical studies are needed to elucidate the clinicopathologic significance of RRM2 and Bcl-2 expression in HNSCC and NSCLC.
Statement of Translational Relevance
Elevated levels of RRM2 correlate with poor prognosis for cancer patients. In this study, we unravel the mechanistic details linking RRM2 to apoptosis and provide vital clues for the development of novel cancer therapies. We show a new molecular regulatory pathway wherein RRM2 contributes to the accumulation and stabilization of Bcl-2. RRM2 was found to be significantly involved in regulating Bcl-2 and a reciprocal regulation between these proteins in apoptosis signaling was observed. Furthermore, expression of both proteins was positively correlated in tumors from both HNSCC and NSCLC patients. Our results have broader implications, suggesting that suppression of Bcl-2 by targeting RRM2 could provide an effective therapeutic strategy, especially for Bcl-2-mediated apoptosis-resistant cancer types. Given the correlation between RRM2 and Bcl-2 expression levels, the expression level of RRM2 may serve as a predictive marker of Bcl-2 level. We present RRM2 as an attractive interventional target to downregulate Bcl-2, resulting in the induction of mitochondria-mediated intrinsic apoptosis. This finding provides a strong framework for translation of this approach to the clinic. Depletion of RRM2 reduces Bcl-2 protein expression and regulates protein stability. (A, B) Tu212 cells were transfected with 5 nM siC or siR2, reseeded after 24h into 60-mm dishes and 24h later treated with cyclohexamide (100 μg/ml) for 0, 1, 3, 6, 9 and 12h. Cell lysates were collected at indicated time points and Western blotting performed with specific antibodies. (C) Tu212 and A549 cells were transfected with 5nM siC or siR2 and 24 hours later treated with 10 μmol/L MG132 for 2 hours before analyzing cell lysates by Western blotting. (D) Bcl-2 expression was detected in xenograft tumor tissue by IHC analysis. The animal study was conducted previously by treating with four doses of siCON1 (control nanoparticle) or CALAA-01 (RRM2 siRNA-nanoparticle). Representative images shown from siCON1 and CALAA-01 10 mg/kg groups (brown stain for Bcl-2 and nuclei were counter-stained by hematoxylin, blue; magnification X200). 
